CAD

Additive Manufacturing (AM) Terminology

Known by many names:

— 3D Printing

— Rapid Prototyping

— Rapid Tooling

— Rapid Technologies
— Rapid Manufacturing

— Advanced Manufacturing

— Additive Fabrication

— Additive Layer Manufacturing
— Direct Digital Manufacturing
— Direct Manufacturing

Additive vs. Subtractive

Subtractive Manufacturing

Start witha  Remove parts of Until you have the
bloc of metal the block desired product

| ; ...II ?J-_‘{L TrTEeTTEEY

Additive Manufacturing

Start with Gradually add  Until you have the
nothing layer after layer  desired product

Vet rretrTTeT,
?j'

Additive Manufacturing - 1



Additive Manufacturing (AM) / 3D Printing

« A process of joining materials to make objects from
3D model data, usually layer upon layer, as opposed
to subtractive manufacturing methodologies

— 3D= &I E: O|X| ZE X2l H[O|H & 0|8, X = M S
3R =M E M=ots Z2 M

— M= X (Additive Manufacturing, AM): | 2 & X2 Lt
Z7HOF M AHSH= A AJHS (subtractive manufacturing) 2t
el El= 78z 54 &0

O 1 O

» Group of technologies that create products through
the addition of materials (typically layer by layer)
rather than by subtraction (through machining or
other types of processing)

ASTM International, Standard terminology for additive manufacturing technologies, designation

F2792 - 12a, Published March 2012
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Additive Manufacturing (AM) Process Flow

FINAL PRODUCT
« 3D scanning Material used

- Imaging tools Complexity of the product

« stylus-based and other
design technologies

CAD-based .STL file
3D model

Sliced layers

End-part
finishing

Secondary processing
= Sanding

» Filing

Polishing

Curing

Material fill

Painting
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CAD

3D T ElE FAF(1)

1984 : 3D SystemsAt Charles HullO] SLA &t4l 3D T 2IF |

1986 : SLA HtA] E3| 2| E
1988 : SLA Al K AL} | OM HHAl E3] 25

1989 : SLS WAl E3 g5

1990 : FDM Al A 4 23}

1992 : FDM &4 £95{ 2|5, SLs &4 7hE, SLA &4 Layer by Layer
HHEH O 2 I} E 2FA

1993 : MITO| A 3At& =2l 7|z(F3H 7|8 55 ==, 3DP &4
1996 : Stratasys "Genisys", 3D Systems "Actua2100", Z Corporation
"Z402" =

2005 : & 0 MH A2 3D Z2IE{ 2l Z Corporation "Z510" ZA|,
RepRapl| @ EAA J|Ht 3D Z2IE A7)

2006 : SLS A K= Cf2F HAE D) ObjectArOf| Al CF
ZzlE JtsSo NS EA

Ot

FAEE
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3D T ElE FAr(2)

_ 2008 : Ol Al A Self-Replicating =2l E{ Z 2| =,
Shapeways2| DIY A{H|A

— 2009 : MakerBot 3D Z ZIE| DIY Kit A|2H0f| S A|

— 2010 : Southampton LS 7| =X}=0| M Al £[2= 3D ZZIE =
MNZtot A28 H[AA [ d

— 2011 : M Al %= 3D Z2IHE K| &5t Xt X A7

— 2012 : 4E2 =0 3K} Z2IHE Ol E 13, FDM 2Al E
204 7|7t Ot= =3t XY HE

— 2013: =7|MZE 7|8t 3D =2l Qls& 7| &7, #E5 3DCAD = H
Ol Y2E(CIRZ2E)

— 2014 : SLS @Al E5 7|7 Bt 2 2 FDM A0 20| CHE3}0f B2
710 O &
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speed of processing
complexity of design
variety of materials used

Evolution of AM Technology

Low-cost AM systems developed
around the world (Japan, United

tes, and
First AM system: Printers based States, and Germany)

Stereclithography (SLA) on new
system developed by 3D technoloiges
Systems in 1987 introduced

Technology advances led to
increasing adoption in automotive,
aerospace, and medical industries

First-generation acrylate
resins commercialized by
3D Systems and
Ciba-Geigy

New resins developed and Materials developed to
commercialized foruse in a withstand tougher
wide range of 3D printers conditions
Focus on developing
capabilities to process
newer materials (e.g.,
composites and metals)

M Printer/technology advances M Material developments
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After its initial hype burst, the 3D printing industry
is healthier than ever

FDM patent expires

Un

y of

MakerBot is foundec

Kickstarter launches

be 5 a launchpad Cor
for 3D printer tups food 3D printer

2009

2009
Costs %

2011

Requires large
dedi

2009 201

2010

First prototype 3
printed car by Urbee

CAD

Southampton 3D prints an
unmanned aircraft (UAV)

ell University builds a

Obama praises 3D

print n the State of the

Union address

First functional 3D printed

acquires

or $604 million

Serial prod

2015

2013 2015

2012

Formlabs is founc
lau

SLA 3D print

ystems market ca

$9.98 billion

printing indu

ction of 3D
printed parts for the Airbus
A350 XWB aircrafi

1 millionth desktop 3D
printer sold

Desktop Metal introduces
the first o

- metal 3D printer
and

Desktop Metal and HP
announce metal
1

[)f[J\'TLJ('fif‘," 4 ems

Formlabs brings SLS 3D
printing to the benchtop

2017

starts

2019

Fits on your desktop

Plug and p

2017 2019

3D Sy

falls to $0.79 billion

stems market cap

$1+ billion include
Formlabs, Desktop
Metal, and Carbon

metal :
manufacturers

Printrbot goes bankrupt

3D printed houses fil

First 3D printed steel
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3D Printing in Retail

Macro 3D Printing Classroom 3D Printing

Directed Energy Deposition

3D Printed Drugs 3D Printed Surgical Implants

Sheet Lamination

3D Printing
o ) Service Bureaus
3D Prmtl.ng |In $upply C.Ihaln | 3D Print Creation
3D Bioprinting for Life Science R&D Software
3D Printing of Medical Devices
L 3D Printing in
3D Bioprinted Human Tissue

Automotive
3D Scanners

IP Protection in 3D Printing
Managed 3D Print Services

3D Printing in Oil and Gas
3D Printed Wearables
3D Bioprinted Organ Transplants

Powder Bed Fusion

expectations

Nanoscale 3D Printin 4D Printing Consumer 3D Printing Material Jetting Material Extrusion
" 9 A Enterprise 3D Printing
3D Printing Workflow Software 3D Printing in
- Manufacturing Operations Binder Jetting
3D Printing of Consumable

Personal Products 3D Printing in

Aerospace and Defense

3D Printing of Dental Devices

3D Printed Tooling, Jigs and Fixtures
Stereolithography
Printed Electronics

3D Printed Presurgery Anatomical Models

Blockchain in 3D Printing
3D Printing With Bound Materials

As of July 2018
Innovation IF:E?F; DJ Trough of Slope of Plateau of
Trigger e ) Disillusionment Enlightenment
Expectations

Productivity

time
Plateau will be reached:

QO lessthan 2 years @ 2to 5 years

@® 5to 10 years A more than 10 years @ obsolete before plateau

2018 Gartner, Inc

CAD
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As 3D printers became increasingly accessible,
sales and revenues from 3D printing skyrocketed

$10,000

700,000
5 Revenues
é 525,000 3D printer sales 8x .
a
o
~ 350,000 > o i
g 00 2
C
S 175,000 " $2'500
| B
| .

—
o — l
- -
2009 2010 2011 2012 2013 2014 - 1 | |

B Desktop and industrial 3D printer sales (units)

Source: Wohler’s Report, 2018 stats are estimates

CAD

0~ Revenues from 3D printing products and services
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Additive Manufacturing Materials
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Additive Manufacturing Process (1)

- M= s WA (Material extrusion)
AE 1~2mmo| gf2 2 HEHo| ZEtAE HEHEE & LHOf|A]

| 2 Sot= WA O Z O|= Lo A LEHALEXLE X
P& ME K| 4827t 7t & 0| R0 K|
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Additive Manufacturing Process (2)

. =3t HEAl (Photo Polymerization)

— 50f| o5l Botz|= UM PEN S &E 2t =X (Photo-Polymer)0
AreldS ALY THH S e} 749H|94 MEot= A o= 3D =&l 8
72171 & 7t HAY 2E, O] 7| =2 Charles W. Hullofl £8{ E& %0 3D
SystemsAt0] 2|510 &&= ”é ot d =X|2Q| ot 7|74|75| Eg8e=2
OI510f Mt HES AAL 2 S BIX|T ATjROR 14
SOt HMZEE X 4n|5 SAXlf O|= LHOM = 7|74|751
0 AAFRO| FH5 Bt
°
HEA

I-J

L9y
<

I-O

|.|-
r|o ru

b
°
N

> 1Ok olco
>
!
d

o ox |
Mo

FAHE R Q0 MEA S8 H=F
IR E

Al (Material Jettin
|3 TZ2EQ LA HAlOZ MZE TEIE §| =0
k=5 rar —'?'—Afo}@l A7 |= %'M OI & 212 Objet

|> g 0jo

=

IH® oo HU pir gm =
el
_>,'_

m S obrz
3 rr JA

—
S

StratasysAt= S =
= P04 *E! ’—.‘EE %0 i EFOtOF J(HE X MO I=EE
3 7|58 7Hxl M Eo| K &fo|

etr

-~
ofr 1
of nOJ_FE

|

Hu

=

> ot

oo

_>:

JQ

_?_

rir

AH
A
3D Z2HE H H'— U

ojr
r

\J

CAD Additive Manufacturing - 13



Additive Manufacturing Process (3)

- HEA EAL Y4 (Binder Jetting)

Al
— == SEfS| &% 0] Aol HENE £ 243 HEHE dd5t=
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1ISO TC261, ASTM F42

aes Binder Jetting
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Material Jetting
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Support Structures in the SL Process
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SLS 3DZ 2l H

... Powder Bed Fusion
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Photo Polymer (235 & A|)
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— Material Jetting / dispens

s Polyjet/MJM
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Binder Jetting
3DP
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Sheet Laminating

LOM

=
g N 4munnmp
" e & 20| K&

ng
im 1
124
1]
D
g
IE
o
I
fu

2398

TEju| AR

CAD Additive Manufacturing - 25



CAD

r Direct Energy Deposition
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CAD

Process Categories of
Additive Manufacturing

Process Category

Definition (ISO/ASTM 52900):
“An additive manufacturing
process in which ...”

Technology

Material extrusion

... material is selectively dispensed
through a nozzle or orifice

Powder-bed fusion

... thermal energy selectively fuses
regions of a powder bed

Vat
photopolymerization

... liquid photopolymer in a vat is
selectively cured by light activated
polymerization

Material jetting

... droplets of build material are
selectively deposited

Binder jetting

... aliquid bonding agent is
selectively deposited to join
powder materials

Sheet lamination

... sheets of material are bonded to
form a part

Directed energy
deposition

... focused thermal energy is used
to fuse materials by melting as
they are being deposited
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https://www.youtube.com/watch?v=WHO6G67GJbM
https://www.youtube.com/watch?v=9E5MfBAV_tA
https://www.youtube.com/watch?v=Mjf6oaMVWr8
https://www.youtube.com/watch?v=bgQvqVq-SQU
https://www.youtube.com/watch?v=M_qSnjKN7f8
https://www.youtube.com/watch?v=NM55ct5KwiI
http://www.carbon3d.com/clip-process
https://www.youtube.com/watch?v=Som3CddHfZE
https://www.youtube.com/watch?v=L6Rd9diIkrs
https://www.youtube.com/watch?v=ciCxNgROtm4
https://www.youtube.com/watch?v=3KrfIBEOuvw
https://www.youtube.com/watch?v=yKnlmfuMSgo

CAD

Classification of Additive Manufacturing

CATEGORIES

TECHNOLOGIES

Fused Deposition

PRINTED “INK™

Processes by ASTM International

POWER
SOURCE

STRENGTHS / DOWNSIDES

Inexpensive extrusion machine

Welding (EBW)

Modeling (FDM Thermoplastics, Multi-material printin
Material Extrusion 9 (FOM) Ceramic slurries, | Thermal Energy Limited part r:ﬁ nlmign
Contour Crafting Metal pastes Poor surface finish
Selective Laser Polyamides
Sintering (SLS) fPolymer High Accuracy and Details
Direct Metal Laser Atomized metal High-powered Fully dense paris
Sintering (DMLS) powder (17-4 PH Lazer Beam High specific strength & stiffness
Powder Bed Fusion | s.jective Laser Melti stainless steel, Powder handling & recycling
wa;:slﬂelr #HN9 | cobalt chromium, Supporl and anchor structure
fitanium TiGAl- Fully parts
av), gense
Ha:trnn[g;a':"l; Melting ceramic powder Electron Bsam High specific strength and stiffness
Vat Photopolymer, High building speed
Stereclithography Ceramics . Good part resolution
Photopolymerization (SLA} (alumina, Ultraviolet Laser Overcuring, scanned line shape
zirconia, PZT) High cost for supplies and materials
Multi-material printing
Material Jetting Polyjet / Inkjet Printing | Fhetopelymer, | Thermal Ex or9Y |+ High surface finish
Low-strength material
Full-color objects printing
Indirect Inkjet Printing r;?;?: ;:;ﬁ Require infiltration during post=
i k] &
Binder Jetting (Binder 30P) Ceramic powder, Thermal Energy . :;;c:;sal:egml etoction
Metal powder High porosites on finished parls
. . Plastic Film, High surface finish
Sheet Lamination Mﬁu'"f;“:ﬁn“'?ml Metallic Sheet, Laser Beam Low material, machine, process cost
9 Ceramic Tape Decubing issues
Laser Enginesrad Net
Repair of damaged / worn parts
Directed Energy Shaping (LENS) Molen metal : J .
Deposition Electronic Beam powder Laser Beam Functionally graded material printing

Require post-processing machine

anufacturing - 28




CAD

AM Technologies / Base Materials (1)

Technology

process

Typical materials

Advantages

Disadvantages

Stereolithography | \at Liguid photopalymer, Complex geometries; Past-curing required;
polyrmerization | composites detailed parts; smooth finish | requires support structures
Digital light Wat Liguid photopalymer Allows concurrent Lirnited product thickness;
processing polymerization production; complex shapes | limited range of materials
and sizes; high precision
Multi-jet modeling  Material jetting | Photopalyrmers, wax Good accuracy and surface | Range of was-like materials
(naIna) finish; may use multiple is limited,; relatively slow
materials @also wath color); | build process
hands-free remaoval of
support material
Fused deposition haterial Thermoplastics Strong parts; cormplex Poorer surface finish and
modeling extrusion geormetries slowwer build tirmes than SLA
Electron beam Powder bed Titanium powder, cobalt | Speed; less distortion of Meeds finishing, difficult to
melting fusion chrome parts; less material wastage | clean the machine; caution
required when dealing with
X-rays
Selective laser Powder bed Paper, plastic, metal, Requires no suppart Accuracy limited to powder
sintering fusion glass, ceramic, structures; high heat and particle size; rough surface
Composites chernical resistant; high firiskh
speed
Selective heat Powder bed Thermoplastic powder | Lower cost than 5L5; Mew technology with
sintering fusion complex geometries; no limited track record
support structures required;
guick turnarourd
'Direct metal laser | Powder bed | Stainkess steel, cobalt ' Dense components; intricate | Needs finishing: not suitable
sintering fusian chrome, nickel alloy geormetries for large parts

Additive Manufacturing - 29




AM Technologies / Base Materials (2)

AM - - -

Technology process Typical materials Advantages Disadvantages
Powder bed Binder jetting  Ceramic powders, metal | Full-color models; Limited accuracy; poor
and inkjet head laminates, acndic, sand, | inexpensive; fast to build surface finish
printing CoMmposites
Plaster-based 30  Binder jetting  Bonded plaster, plaster  Lower price; enables color | Limited choice of materials;
printing COMpOsites printing; high speed; excess | fragile pars

powder can be reused
Laminated object ' Sheet | Faper, plastic, metal | Relatively less expensive; Less accurate; non-
manufacturing laminaticn laminates, ceramics, o tonic materials; quick to | homogenaus parts
composites make big parts
Ultrasonic Sheet Metal and metal alloys | Quick to make big parts; Parts with relatively less
consolidation larinatian faster build speed of newer | accuracy and inconsistent
ultrasonic consoldation quality compared to ather
systerns; generally non- AM processes; need for
toxic materials post-processing
Laser metal Directed Metals and metal alloys | Multi-material printing ' Relatively higher cost of
deposition energy capability; ability to build Systemns, support structures
depasition large parts; production are reguired; need for
fhexibility post-processing activities to
abtain smooth finish
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Technologies and Materials Matrix

CAD

Technology Polymers Ceramics Composites
Stereolithography o [ ]
Digital light processing ]

Multi-jet modeling (MJM) o L
Fused deposition modeling [ ]

Electron beam melting P

Selective laser sintering o o L L
Selective heat sintering ]

Direct metal laser sintering 9o

::;L:t?:; Eed and inkjet head @ P PS P
Plaster-based 3D printing [ ] [ ]
Laminated object manufacturing™ L] [ ] ® [ ]
Ultrasonic consolidation [ ]

Laser metal deposition [ ] [ ]
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Summary (2018

3D Printer

Process

Material

Adv/Disadv

Companies

Material Extrusion

Vat Photopolymerization

Sheet Lamination

Material Jetting

Binder Jetting

Metals: Powder Bed Fusion
(PBF

Direct Energy Deposition (DED)

Fused Deposition Modelling (FDM) / Fused
Filament Fabrication (FFF)
Contour Crafting (CC)

Stereolithography (SLA)
Digital Light Processing (DLP)

Laminated Object Manufacturing (LOM)

Ultrasonic additive manufacturing (UAM)

InkJet Printing (IP)
Material Jetting (MJ)
Drop on Demand (DOD)
NanoParticle Jetting (NPJ)

Binder Jetting (BJ)

Selective Laser Melting (SLM), Selective Laser
Sintering (SLS), Selective Heat Sintering, (SHS),
Electron Beam Melting (EBM), Direct Metal
Laser Sintering (DMLS)

Laser Engineered Net Shaping (LENS), Directed
Light Fabrication (DLF), Direct Metal Deposition
(DMD), 3D Laser Cladding,

The material in filament form is extruded through
a nozzle at temperature and deposited onto a
heated build plate, and then deposited layer by
layer.

CC: Using high pressure and large nozzles,
materials can be extruded for large structures.

A platform moves downwards after each layer of
liquid resin is cured. SLA- cured with a laser. DLP-
cured with a projector,

Continuous layers in sheet form are cut using a
mechanical cutter or laser and then bonded
together.

A rotating Sonotrode applies ultrasonic vibrations
to a foil, creating a roughening friction between the
foil and to the material being welded. This
displaces the surface oxides and other
contaminates, under a compressive force the
materials are then bonded. A CNC stage allows for
selective removal and machining to final
dimension

MJ — cured with UV light. DOD: milled to form,
NPJ: Cured with heat,

Material is supplied though a nozzle and deposited
in the form of droplets onto a build plate. This
solidifies, and continuous layers are printed.
Powder base and liquid binder are used. The
powder is spread evenly and the binder glues to the
desired shape.

The laser melts a powder bed, after each layer the
powder is spread uniformly by a wiper and the
process repeats. The Z-axis is lowered after each
print. EBM requires the use of a vacuum,

A nozzle combined with a multi-axis arm deposits
melted material onto a specified surface. The
nogzle can move in multiple directions and is not
fixed to a specific axis. Upon deposition the
material is melted via a laser or electron beam.

Thermoplastic Filaments typically
ABS, Nylon, PLA, PG,
Composites, Nano-fillers.

CC: Concrete, soil,

Liquid Photopolymers (acrylic or
epoxy based)

Polymer composites, ceramics,
paper, metal-filled tapes.

Metals - aluminium, copper,
electronics, polymers and other
materials can be embedded

ceramics, metals, polymers

Gypsum, sand, metal, ceramic,
polymers

SHS: Nylon, DMLS,SLS,SLM:
Stainless steel, Tianium,
Aluminium, Cobalt Chrome, Steel
SLS -Plastic

EBM: Titanium, Cobalt Chrome,
Stainless Steel, Aluminium,
Copper.

Metals: Cobalt Chrome,
Titanium, Polymers and Ceramics
possible.

Adv: Low cost, simplicity, Low
maintenance, CC: Large
construction

Disadv: Voids, difficult to print
complex structures, Accuracy is
low.

Adv: High accuracy- microns,
Disadv: Limited materials to use.
Relatively Expensive, Requires
significant support structures
Adv: High Speed, Low Cost
Disadv: Depending on the
material post processing might be
needed, limited material use
Adv: Low temperature
processing, allows electronics,
sensors and polymers to be
embedded

Disadv: Early stages of
development. More research
needed into Titanium, stainless
steel.

Adv: Fast and efficient, produces
complex structures. Precision
Disadv:

High Maintenance

Adv: Fast, simple and relatively
cheap

Disadv: Powder form only,
mechanical properties relatively
weak.

Adv: No support structure
needed, the integrated powder
provides this. Large range of
material options

Disadv: High power usage, Size
limitations, Powder grain size
very important, effects surface
finish.

Adv: Used for repair work of
structures, Multiple axis,
flexibility,

Disadv: Limited material use,
Post processing may be needed.

FDM: Stratasys, Ultimaker,Makerbot,
Zortrax, BEEVERYCREATIVE,
Markforged

CC: Contour Crafting Corporation

SLA — 3D Systems, Formlabs, DWS
Systems
DLP- EnvisionTEC, B9Creations

EnvisionTEC, Mcor Technologies,

Fabrisonic

DOD: Solidscape
MUJ: 3D Systems, Stratasys
NPJ: XJET

ExOne, 3D Systems

SLM / DMLS: SLM Solution,
Renishaw, Concept-laser,

SLS: 3D Systems, Sintratec, Sinterit,
EQS P Systems,

EBM: Arcam

LENS: Optomec

CAD
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Polymer Additive Manufacturing

Continuous Fiber = Area-wise Vat
Sheet Lamination = Polymerization

Filament based

Material Extrusion Vat

Polymerization

Fiber Alignment Area-

Continuous Fiber wise Vat Polymerization

Material Extrusion

Continuous Fiber

Thermoplastic Deposition Material Jetting

Thermoset
Pellet based Deposition

Material Extrusion

Continuous Fiber

Laser Powder Thermoset Deposition

Bed Fusion

Thermal Powder
Bed Fusion Elastomer Deposition

Electrographic = Vat
Sheet Lamination Vuleanization

CAD https://additive-manufacturing-report.com/ Additive Manufacturing - 33



Polymer Additive Manufacturing: History

Invention of Selective

Invention of Stereolithography (now 3D Systems)

(SLA) by Charles Hull DLP patent was
filed by Al Siblani

Invention of Fused

Laser Sintering (SLS) by DTM

ARBURG introduces the Arburg
Plastic Freeforming

MARKFORGED introduced

Deposition Modelling Binder Jetting (BJT) FDM patent (STRATASYS) first continuouss carbon fiber
(FDM) by Scott Crump patent was granted is expired 3D Printer (Mark One)
Material Jetting was DESKTOP
Sheet Lamination was patented by OBJET SLS D?te‘d”t METAL
Developed by HELISYS (now STRATASYS) 'S expire acquires
ENVISIONTEC

1983 1987 1988 1989 1991 1992 1994 1999 2002 2009 2011 2013 2014 2016 2018 2021 >

CAD

3D SYSTEMS STRATASYS market
market entry with | Entry with FDM
SLA-1 printer STRATASYS sell first

System 3D Modeler
EOS is founded

EQS sells first system -
Stereos 400 (SLA)

FOS sell first
SLS system —
EOSSINT P350

EOS introduces high
FORMLARBS temperature system
is founded PROTOLABS launched

3D printing service
FARSOON

Is founded
MARKFORGED is ;
ENVISIONTEC founded HP market entry with

is founded Multi Jet Fusion

MAKERBOT

Is founded CARBON is founded

ULTIMAKER is founded

https://additive-manufacturing-report.com/ Additive Manufacturing - 34



Metal Additive Manufacturing

Metal selective
Hybrid laser sintering Lees beam
binder jetting powder bed fusion

Powder metallungy / ; [ z ] J— Electron beam
binder jetting o [ i powder bed fusion

A

f}

Powder feed

Q0
= laser energy
| depasition

Binder jetting E

Matal

7
lithagraphy i

Matal pellet U
fused deposition -
muodeling P

Metal filament =
fused deposition r J
madeling

Q Caoldspray

[1 Wire arc /
, plasma arc

[_ :] sgsa{tlnning

= Wire feed laser /
] elactron beam
energy depositioning

_ o I
Manoparticle :I Resistance
jetting Q _‘] walding
-

L ©
Friction J

Liquid metal
wielding

Inth
Ultrasonie princna

friction welding

CAD https://additive-manufacturing-report.com/ Additive Manufacturing - 35



Metal Additive Manufacturing: History

SCIAKY starts selling

Invention of . ]
Stereolithography Wire Electron Deposition systems
by Charles Hull

Selective Laser HP enters AM market

Sintering by DTM EXTRUDE HONE now EXONE

CORP (now 3DS) introduces metal BJT DESKTOP METAL announces

> EUR 30 million funding
ﬁgi\gg@rﬂf OPTOMEC sells first NORSK TITANIUM
Powder Laser Deposition system is founded DIGITAL METAL
is founded

1983 1987 1992 1994 1998 1999 2001 2003 2006 2007 2011 2012 2014 2016 2017 >

Direct Metal o
Laser S|nter|ng TRUMPF returns DMG bUyS 50 %
(DMLS) by EQS To PBF market of Realizer
FOCKELE & SCHWARZE TRUMPF discontinues GE Aviation buys
introduce first PBF project Morris Technologies
LB-PBF system
TRUMPF enters RENISHAW buys GE buys CONCEPT LASER
PBF market MTT TECHNOLOGIES & ARCAM
SIEMENS invests € 21.4 M

Laser Cusing In AM facility
by CONCEPT LASER

CAD https://additive-manufacturing-report.com/ Additive Manufacturing - 36



AM vs. Traditional Manufacturing

« Advantages of AM
— Lighter, more complex designs
— Speed to market
— Waste reduction
« Advantages of traditional manufacturing (dies, molds,
milling, machining)
— Mass production

— Choice of materials
— Manufacturing large parts

« Two key areas of benefit
— Workflow streamlining
— Flexible design and product customization

CAD Additive Manufacturing - 37
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File Formats

STL (Standard Tessellation Language)

— 3D Systems Of| A 7H'&, ASCII2F BINARYE HE ¥

— A o2 7HX 3D UK = 3K X EE| dds B

WRL (VRML It =2 E "2 = (world)"2f £ £)

— 3D Z2|=Zo HE AR Of|X| & 7™ M2 HAKX yv OhE,

HIAFSL R 21t sS B

PLY (2 3D 27|HZFH 3 At& HO|HE MY)

_I

_ WO C1O| 2|AEQ 22 THY K| O| H WA ZHEHSE

1 —

=

(@) (@)
282 A&

AMF (Additive Manufacturing File)
_ XML 7|Hto| C|O|E| m3t8 Q= AA myQl o3
- 7|lsE€2 sg= L= O E Mz & =t S =, T
ER MY, =T AZE HEA

[ok
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STLIIEC| He)

Surface Tessellation Language
Stereo-Lithography
Standard Transform Language

STListereo lithography) T2 &HAI2 0= 3D SystemsA 7 F19883E HIEEH O IEmO| A F&
G0 | 2HA0| ZICkH0] SEEHCAD AARIS] X2 2radt A2 AESHE0| Lo X| 20} 2] 2010 2 eHH S 2.
7| BE CAD A[AE0) A5t 3DRHS STL HA|OZ WEDIs,

STL-fi r NV
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STL vs. AMF

STL HAI2 Rt §149] 12| TUEDHRAL 0212 S| HHS ARIHO 2 725104, 213 IiX|2 30429 HHS
TLAIB10] RAFSHA T8 AZIE TR FHESH A2tEo) LY ME{D] QALE £ 3D RS 7[5t SAIS HA

STL Z}US O[FI# EAIHASCI RE $A] STL THU0| 2 S| 2251 QIOLHTIY SAlo| 3O Hlo|E{}HAT B
EEZX|FE BE %S Go|E Z GloE o2l 52 2HUS.

STL files inefficiert for High Resolutior 3D prirters

STL files contains arly vertex and facet definiticns.

/\

STL2.0 AMF

o ‘ STL Format| AMF Format
W[ f Triangular mesn far a 1dcm Cnary) YCurved Tangles)
E—— sphere with 1mm precisian [PRECISION 28 e -

506 trangles ¢ 0. 13ME INO. OF MESH TRIANGLES| 49,500 320
Triargdlar mesn far a 10cm sanere with 10 micaan arelision |FILE SIZE 400k 10k
50,000 trangles f 350,000 hnes S 13MB - -
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Architecture

Art & Design

CAD

Medical

Transport

8 Very Promising Bioprinting
Projects

3D printing accelerates supercar
design and production

#3DStartup: Apis Cor, Creators of
the 3D Printed House

#3DStartup: Yuyo and their 3D
printed surfboards

3D printing bone, a way to treat
fractures?

3D printed rocket from Relativity
will launch satellite into space

3D Printed Architecture: Top 12 Most
Stunning Buildings

3D chocolates with exotic shapes
and flavours

3D-printed corneas to prevent
corneal blindness

AREVO creates the first 3D printed
carbon fiber unibody bike frame

3D printed art'installation installed
at the ikight Marina Bay Festival in
Singapore

14 Best 3D Printed Furniture
Projects

AM companies make/3D printed
swabs for COVID-19 testing

BMW incorporates 3D printed parts
onto their new motorcycle

3D printed floating house to be built
in the Czech Republic

E

3D Printed Fashion: Top 13 3D
Printed Fashion Designs
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https://www.3dnatives.com/en/applications-by-sector/

Industries and Applications

Aerospace: lighter parts

— Rocket injector (2013, NASA): hot fire test

— First part for use in a commercial jet engine (2015)

— Boeing 787 structural parts fabricated from titanium wire (2017)
Automotive: rapid prototyping

— Rear wing replacement of Formula 1 race car (McLaren): five
weeks - 10 days

Medical: patient specific
— Stryker: custom, on-demand surgical implants

Industrial Manufacturing: product development

CAD Additive Manufacturing - 44




— The Industry-Leading Desktop 3D Printer, Powered By Low
Force Stereolithography

— The Industrial Power of Selective Laser Sintering for the
Benchtop

— The Carbon Digital Light Synthesis™ process

— Metal and carbon fiber 3D printing

— metal 3D binder jet printing

CAD Additive Manufacturing - 45


https://formlabs.com/
https://www.carbon3d.com/
https://www.desktopmetal.com/
https://www.exone.com/

AM Applications

(end-use industrial quality parts)
powder bed fusion

(molds and shapes for casting) high-end polymer material extrusion

Vat polymerization
material jetting

-
Ny '--'--gw (test fit, function of the design) %
Q Vat polymerization . Y
powder bed fusion Manufacturing
Patterns

high-end material extrusion

Accuracy

(design aids) N (near-net-shape part)
Low cost material extrusion Prototypes Fairly high cost directed energy deposition
binder jet systems

Concept Models Machining Forms

— = — — — — - — — — #
Strength

Additive Manufacturing Review: Early Past to Current Practice (2020)
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CAD

Design for Additive Manufacturing

* New classes of parts uniquely enabled by AM

— architected materials
— multifunctional parts with complex internal geometries

— fully customized products

* Emerging design methods and computational tools

for AM

Problem

Definition

* AM Process Selection

* Restrictive vs.
Opportunistic Design
for &AM and Related
Design Goals and
Requirements

Concept
Generation

» Design far AM
Idea Generators,
Heuristics, Levers

* Design for AWM
Exemplars and
Case Studies

Embodiment

* Design for AM
Guidelines,
Allowables, and
Constraints

* Topology and Shape
Optimization for AM

= Part-Process Design

.

/

AM Fabrication,
Post-processing,

and Qualification
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(b)

Fig. 16 Examples of architected structural materials clockwise from upper left: honey-
combs (a) (courtesy of Cochran et al.,, Georgia Tech [68]), uniform lattice structures
(b) (courtesy of Seepersad et al., UT Austin), conformal lattice structures for reinforcement
(c) (reprinted by permission from Springer, [69]) and deployment (d) (courtesy of Seeper-
CAD sad et al., UT Austin) facturing - 48



CAD

Original design Redesign with consolidation

(c)

Fig. 17 Examples of additively manufactured parts with complex architectures: (a) aircraft duct
consolidated from many parts into a single, complex part (reprinted by permission from Springer,
[79], (b) additively manufactured screen for a downhole drilling application [80], (c) mathemati-
cally inspired artwork (courtesy of Bathsheba Grossman), and (d) a burner with organically
shaped flow channels (courtesy of Siemens)
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Fig. 18 Personally customized designs fabricated with AM. Left to right: (a) Invisalign braces (courtesy
of Invisalign), (b) custom-fitting prosthetic [82], and (c) aesthetically tailored prosthetic (courtesy of
Bespoke, now part of 3D Systems)
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CAD

Incorporate Cellular or Lattice Structures
to reduce weight with minimal impact on
stiffness and strength. This exampleis a
lightweight, impact absorbing bicycle
seat.

T N

P

.-"_"-l
(= 7
% 1

Incorporate Internal Functionality that
might not otherwise be manufacturable
but offers additional or multi-
functionality for a single part. This
example is an insert with conformal
cooling channels around the inner
channel.

- P’"’
K1

7 A

Combine Parts to reduce assembly time,
cost, and complexity. This example is a
piece of ductwork from an aircraft with
multiple pieces and fasteners combined

into a single component.

Create personalized designs by enabling
3D scanned customized interfaces. This
example is a conformal cast for a broken
arm.

Fig. 20 Examples of idea generators [94] and accompanying designs that illustrate them.

Photos courtesy of Fast Radius, EOS, Boeing, Cortex Cast.
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Mass Customization

e Order made: 124 2 F10f Cljst 7| EH x| M 3}
« Mass customization: CHEFAM AT S S5t 7140
ol Ml& 7ts (&2 282717HX| =)
— Atdl: @& (0| 51t 2| AFHO| SHLEA L)
— ZYAZE HMAIZH(ZYEEYO o H B X[SHH O = ¢Y)

- = 2TAE 2 O|ME E5EYots Y4

- S5 % 10mm
- YXEE EH: =EE=ER

o
-T
~

\J

bl b b b b e
| RICOH *# I #f

CAD Additive Manufacturing - 56



Precision vs. Cost/Time
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Mass Customization
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Mass Customization: Afdq| (1)

« BMW MINIC| L{|&EZF HAEHOO|E MH[A
_ (2018 =0 7HA|)
* Volkwagen “key case”

— HP Metal Jet (353D ZIE)E X X3t £2 =H (2019.09)
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Mass Customization: At (2)

o Adidas “Futurecraft 4D” (midsole: &%)
— U3V |LAAEOIL et E [ =242 B2 5= 7|2
&= XAzt
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Mass Customization: At (3)
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Mass Customization: Atg{l (4)
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https://razor-maker.com/
https://shop.originalstitch.com/

Mass Customization 8 2|

Mass Customization
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Mass Customization
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